Phycobilisomes, the major light-harvesting complexes of cyanobacteria are multimolecular structures made up of chromophoric proteins called phycobi11 proteins and non chromophoric linker polypeptides. We report here the isolation and nucleotide sequence of the genes, cpeA and cpeB, which 1n Calothrix PCC 7601 encode the a and ft subunits of phycoerythrin, one of the major phycobiliproteins. In Calothrix PCC 7601, modulation of the polypeptide composition of the phycobi11 somes occurs in response to changes of the light wavelength, a phenomenon known as complementary chromatic adaptation. Under green illumination, cells synthesize phycoerythrin and its two specifically associated linker polypeptides (LjP and L# 6 ), while under red illumination none of these proteins are detected. Using specific probes, a single transcript (1450 nucleotide long) corresponding to the cpe genes was detected but only in green-light-grown cells, establisnTng the occurrence of transcriptional regulation for the expression of this operon in response to light wavelength changes. The size of this transcript excludes the possibility that the phycoerythrin-associated L^b and L^b could be cotranscribed with the cpeA and cpeB genes.
INTRODUCTION
In cyanobacteria, as in rhodophyta, photons are collected and transferred to the reaction centers of photosystem II by organelles, called phycobi11 somes. These light-harvesting structures are anchored to the thylakoid membrane, and are formed of two domains: the core and the surrounding rods. Each of these structural elements is built of stacked disks. The most abundant proteins 1n these complexes are the chromophoric proteins called phycobi11 proteins: these are comprised of the allophycocyanins (AP) which are located 1n the core, as well as the phycocyanins (PC) and the phycoerythrin (PE) both of which being located in the rods (1,2). Each of these chromophoric proteins comprise two different subunits (a and p") which are present in equimolar amounts and assembled Into trimeric or hexameric disks. In addition, to Insure the complex structure and optimize photon harvesting and transfer, one finds non-chromophoric linker polypeptides which are specifically associated with each of the phycobiliprotein species (3).
In photosynthetic organisms, the pigment content 1s modulated by many environmental factors, such as nutrient availability (e.g., carbon, nitrogen, sulfur, phosphate and iron), temperature, and light, the latter being the best studied factor so far. In both photosynthetic prokaryotes and eukaryotes, an Inverse correlation between light Intensity and pigment content can be observed. In addition, several cyanobacterial strains exhibit an interesting response to chromatic illumination known as complementary chromatic adaptation (4). When grown in green light, cells contain a high ratio of PE to PC, the absorption maximum of PE being at about 560 rtm (green light). When cells are grown 1n red light they synthesized only PC, the absorption maximum of which is situated at about 620 ran (red light). This phenomenon results in an optimal trapping of the available light energy during cell growth. More precisely, complementary chromatic adaptation affects the rod composition of the phycobilisome. In the filamentous cyanobacterium Calothrix PCC 7601 (also called Fremyella diplosiphon) as well as in some other species (4), the synthesis of both PE and PC 1s lightwavelength regulated. Growth 1n green light results 1n rods composed of three distal disks of PE, linked to the core by a proximal disk of PC-1 ("constitutive 11 PC). When cells are grown in red light, the rods are composed of three disks composed of subunits of two phycocyanins (PC-1 and PC-2 or "1nduc1ble" PC) (5). Physiological and biochemical studies of this adaptation phenomenon suggest that the synthesis of the major phycob1Hprote1ns (PC-2 and PE) and their associated linker polypeptides 1s controlled at the level of transcription and involves a regulatory system responding antagonistically to green and red irradiations (4,6). Recently the genes encoding the a and (i subunits of PC-2 from Calothrix PCC 7601 have been cloned and a preliminary study of their expression has confirmed the transcriptional stimulation of PC-2 mRNA synthesis in response to red light (7). We report here the cloning of the genes encoding the a and f> subunits of PE (cpeA, cpeB), the other major light-regulated phycobiliprotein during complementary chromatic adaptation, as well as a comparative study of the expression of these genes in response to the triggering effect of green versus red irradiations in Calothrix PCC 7601. Chromosomal DNA was isolated as follows: cells were taken up in buffer A (50 mM Tris-HCl pH 8.5; 50 mM Na2 EDTA) containing 1 M NaCl (20 ml per g of cells). Sarkosyl (0.2 % final concentration) was added and the suspension incubated for 1 h at 4° C on a gyrotory shaker before being centrifuged at 10,000 g for 20 min. The pellet was washed once in the same volume of buffer A and recentrifuged. Lysis was achieved as follows: the pellet resuspended in 5 ml of buffer A containing 25 % sucrose was Incubated for 1 h at room temperature; after addition of egg-white lysozyme to a final concentration of 12 mg.ml-1 and an Incubation at 37° C for 15 min, the suspension was diluted four-fold with 10 mM Tris-HCl pH 8.5/50 mM Na2 EDTA and incubated for 1 h at 37° C; finally, SDS (1 % final concentration) and proteinase K (100 ug.ml-1 final concentration) were added and the suspension incubated at 4° C overnight and at 37° C for 2 h. The suspension was centrifuged at 10,000 g for 20 m1n and the pellet taken up in 20 ml of 10 mM Tr1s-HCl pH 8.5/lmM Na2 EDTA containing 1M NaCl and extracted twice with an equal volume of chloroform:isoamyl alcohol (24:1). The aqueous phase, to which 2 volumes of cold ethanol were added, was incubated overnight at 4° C, and centrifuged for 20 min at 10,000 g. The pellet was finally dissolved 1n 10 mM Tris-HCl pH 8/lmM Na2 EDTA and incubated with ribonuclease B (2 ng per ug of DNA) for 30 min at 37° C. fractionated by electrophoresis on a 0.7 X agarose gel. DNA fragments ranging in size between 7-8.5 kbp were eluted by the glass beads method (10) and inserted into the EcoRI site of pUC8. Subcloning and sequencing Before being subcloned into pTZ18R or pTZ19R for sequence analysis, plasraid DNAs from the positive clones were digested with convenient restriction enzymes and the inserted DNAs purified as described above. Sequencing was carried out by the dideoxy chain termination method (11) on single stranded DNA, using the M13 reverse primer, according to the protocol provided by Amersham.
MATERIALS AND METHODS Materials

Synthesis of oligonucleotides
The heptadecameric synthetic oligonucleotides (17-mers) corresponding to a portion of the am1no-acid sequence of the a subunit of PE were obtained from the Un1t6 de Chimie Organique, Institut Pasteur, Paris. They were synthesized by an Applied Biosystems Model 380A automated DNA synthesizer. Hybridization with 3 2 P-labelled probes N1ck-translation, as well as Southern and Northern hybridization experiments were performed as described previously (12,13). Hybridizations were done at 42° C with the 17-mer oligonucleotide probes and either at 60°C (Southern) or at 65°C (Northern) with the nick translated probes.
RESULTS AND DISCUSSION Cloning of the gpgfl and cjjgfl genes
Phycobiliproteins may constitute up to 50 % of the total cellular proteins, and, as phycoerythrin (PE) represents half of this percentage 1n cells grown under green light, one can expect that in these cells, messenger RNAs specific to phycoerythrin (PE mRNA) constitute a large proportion of the total mRNA. In addition, if, as postulated (4,6), regulation occurs at the transcriptional level, PE mRNAs must be absent from cells grown under red light. The complete amino acid sequence of both the a and fj subunits of PE from Calothrix PCC 7601 has recently been determined (14) . We thus decided to look for the cpe genes using synthetic oligonucleotides, the sequence of which were deduced from a portion of the known amino add sequence of the a-PE subunit. The oligonucleotides were synthesized corresponding to the residues 106 to 111 (Fig. 1) . If the degenerated third base of the Ala codon was not Included, the number of combinations encoding this hexapeptide was 48. However, since among all cyanobacterial genes sequenced so far, the AUA codon for lie has seldom been found, none of the combinations involving this sequence were synthesized. Consequently the number of combinations was decreased to 32. In addition, since it is easier to perform hybridization with even a more limited number of oligonucieotides, we decided to synthesize six sets of different sequences covering the 32 possibilities. In order to select the set of oligonucieotides containing the sequence complementary to the a-PE mRNA, comparative Northern hybridization experiments were performed. Each of the six sets was tested with total RNAs extracted from either red-or green-light grown cells. As expected, only one of them gave a strong hybridization signal specific to green-light RNAs and none with red light RNAs ( Fig. 2A) . Thus, this set of oligonucieotides, set B (Fig. 1) , most probably contained, among the four sequences, one sequence complementary to the PE mRNA. We used this oligonucleotide set in turn to probe a Southern blot of total ONA digested with EcoRI. The corresponding autoradiogram (Fig. 3A) showed three hybridizing bands of differing sizes 6.8 kbp, 7.3 (4) . in Calothrix PCC 7601 it has previously been shown that one of phycocyanin genes is also transcriptionally regulated by light but only expressed during growth in red light (7). In addition, as described previously for other phycobiliprotein genes, the two cge genes are likely organized 1n a single operon and cotranscribed (7,15,16). However, 1n contrast to the results obtained for either the apcA and £ genes from Synechococcus PCC 6301 (16) or the genes encoding the a and f> subunits of the Inducible PC from Calothrix PCC 7601 (7), no transcript of a larger size, able to encode specific linker polypeptides in addition to the a and f> PE subunits, was detected. Indeed, the size of the detected transcript, estimated to be of 
